Change in lattice modulation upon gigantic magnetoelectric transition in GdMnOa 

and TbMnC-3 
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Single-crystal synchrotron x-ray diffraction measurements in strong magnetic fields have been 
performed for magnetoelectric compounds GdMnC>3 and TbMnC>3. It has been found that the 
P || a ferroelectric phase induced by the application of a magnetic field at low temperatures is 
characterized by commensurate lattice modulation along the orthorhombic b axis with q = 1/2 and 
q = 1/4. The lattice modulation is ascribed to antiferromagnetic spin alignment with a modulation 
vector of (0 1/4 1). The change of the spin structure is directly correlated with the magnetic-field- 
induced electric phase transition, because any commensurate spin modulation with (0 1/4 1) should 
break glide planes normal to the a axis of the distorted perovskite with the Pbnm space group. 

PACS numbers: 78.70.Ck, 75.80.+q, 75.50.Gg 



Interest has been recently enhanced in multiferroic 
materials, where magnetic and electric ordering can 
coexist i Among such materials, rare-earth mangan- 
ites i?Mn0 3 (R =Gd, Tb, and Dy) with orthorhom- 
bically distorted perovskite structure are prototypical 
and show unusual interplay of magnetic and electric 
propertiesiSi 3 - 4 *^ The compounds show gigantic mag- 
netoelectric (ME) effects: Electric polarization P can 
be flopped by applying a magnetic field in Tb and Dy 
derivatives. GdMnC>3, whose orthorhombic distortion 
is less than TbMn03 and DyMn03, shows a magnctic- 
field-induced ferroelectric transition. Giant magnetoca- 
pacitance was also realized in the vicinity of these phase 
boundaries. These ME effects are different from the con- 
ventional linear ME effect, which can be described with 
perturbation theories. Therefore, it is important to un- 
derstand the novel mechanism of the ME phenomenon 
in a series of perovskite-type i?Mn03 compounds. One 
of the most important clues to solve this problem is the 
nature of change in spin structure with magnetic fields. 
It has been reported that the ferroelectric transition of 
TbMn03 and DyMnOs is accompanied by locking of the 
modulation vector of the antiferromagnetically ordered 
spin systemi 2 ^^ This result strongly suggests that the 
spin structure correlates with the ferroelectricity in or- 
thorhombic .RM11O3 compounds. This paper reports 
a synchrotron x-ray diffraction study of GdMn03 and 
TbMn03 in strong magnetic fields. Synchrotron x-ray 
diffraction is one of the most powerful tools to investi- 
gate this class of magnetoelectrics, because it can probe 
displacements of oxygen ions by the order of 0.001 A, ex- 
pected from the electric polarization as large as 500-1000 
/iC/m 2 . We have found a systematic change in the mod- 
ulation vector of the lattice, which should be connected 
to the antiferromagnetic modulation vector. 

Single crystals of i?Mn03 with R =Tb and Gd were 



grown by a floating zone method^ The obtained crystal 
boules were cut into thin plates with the widest faces of (0 
1 0). (Miller indices are based on a Pbnm space group in 
this paper.) Nonresonant single-crystal x-ray diffraction 
was measured at the Beamline 22XU, SPring-8, JAPAN. 
X-rays from an undulator source were monochromated 
to 18 kcV with a Si (111) double crystal and focused on 
the sample in a He-flow cryostat with a superconducting 
magnet, which was mounted on a two-axis goniometer. 
Superlattice reflections along the (0 k 1) line in the recip- 
rocal space were surveyed in a magnetic field applied 
along the b axis. The possible heating by x-ray irradia- 
tion was carefully checked by changing the incident beam 
intensity. 

Figure ^a) shows the £f;,-T-plane phase diagram in 
GdMn03. With increasing H^, ferroelectric polarization 
parallel to the a axis is induced as shown in Fig. ^b). 
The present x-ray study indicates that the ferroelectric 
phase is accompanied by a commensurate lattice modu- 
lation. (See the inset of Fig. [He).) The lattice modu- 
lation vector qe can be determined as qn = 0.25b* but 
not 0.75b* because the (051) reflection is forbidden in the 
Pbnm space group. 

Lattice modulation in a series of i?Mn03 compounds 
has been ascribed to the exchange strictioni 2 ^ Antiferro- 
magnetic arrangement of Mn spin moments with a mod- 
ulation vector of (0 <7Mn 1) originates from spin frus- 
tration, and causes the (0 2gMn 0) lattice modulation. 
The observed commensurate superlattice reflections in 
the present study should be also correlated with a spin 
modulation. The magnetic modulation wavenumber qMn 
in the P || a phase is either 1/4 or 1/8. To determine 
the qMn value, intensities of both superlattice reflections 
are plotted in Fig.^c). The relative intensity of the (0 
4+1/4 1) reflection to (0 4+1/2 1) becomes large with 
increasing Hi,. The lattice modulation expected from ex- 
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FIG. 1: (Color online) (a) Magnetic and electric 
phase diagram of GdMnOa with applied magnetic fields 
along the b axis. Squares, triangles, and circles in- 
dicate paramagnetic(PM)-to-incommensurate antiferromag- 
netic (AFM(IC)), AFM(IC)-to-canted A-type antiferro- 
magnetic (WFM(A)), and WFM(A)-to-P|| a ferroelectric 
(FE(P//a)) phase transitions, respectively. X-ray studies 
were performed in the condition along broken lines, (b) Polar- 
ization along the a axis (P a ) and magnetization (Mb) plotted 
against magnetic field applied parallel to the b axis, (c) In- 
tensities of superlattice reflections as a function of magnetic 
field. Inset shows x-ray diffraction profiles along (0 ft 1) in 
some magnetic fields. 



change striction can appear not only at k = 2gjyin but also 
at k = qMn in a high field, because a composite symmetry 
operation of translation of half of the magnetic unit cell 
and time reversal vanishes. As the magnetization and re- 
sultant symmetry breaking become larger, the k = qMn 
series of reflections should increase in intensity. We there- 
fore conclude that the magnetic modulation vector in the 
ferroelectric phase of GdMnOs should be (0 1/4 1). 

Figure EJa) shows temperature dependence of mag- 
netic modulation vector in GdMnC>3 and TbMnOa. With 
decreasing temperature in a magnetic field of 4 T, 
GdMn03 undergoes successive phase transitions. The 
<?Mn value of GdMnOs is not much dependent on Hi, in 
the paraelectric phase (> 12 K). The appearance of com- 
mensurate lattice and spin modulation in the magnetic 
field below 12 K is in good accordance with the onset of 
the ferroelectric transition under the same condition (see 
the vertical dashed arrow in Fig. ^a)). 

A similar behavior is also observed in TbMn03 
(Fig. 121a,))- In a magnetic field of 3 T, the change in 
lattice modulation vector with temperature is almost the 
same as the previously reported results without a mag- 
netic field^ This is reasonable because a weaker magnetic 
field than 4.5 T has almost no effect on the successive 
phase transitions in TbMn03 as shown in Fig. |3{a). In 
a magnetic field of 5.5 T, an intense superlattice peak at 
(0 4+1/2 1) as well as a much weaker one at (0 4+1/4 1) 
was observed at low temperatures corresponding to the 
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FIG. 2: (Color online) (a) Change in spin modulation vec- 
tors (0 qun 1) of GdMnOs (TbMnOa) with temperature in a 
magnetic field of T and 4 T (3 T and 5.5 T). A solid trian- 
gle indicates the ferroelectric Curie temperature of TbMnOa ■ 
(b) Spin arrangement for A-type antiferromagnetic paraelec- 
tric phase in GdMnOa. A broken line and dotted-broken lines 
show a 6'-glide plane and n'-glide planes, respectively, (c) 
Canted antiferromagnetic structure with a modulation vec- 
tor of (0 1/4 1). Dotted-broken lines indicate n-glide planes. 
Mn02 planes with this spin ordering stack along the c axis 
with a shift of 2b. (d) Helical antiferromagnetic structure 
with a modulation vector of (0 1/4 1). A dotted-broken line 
indicates an n-glide plane. 



P || a phase. The observed commensurate lattice mod- 
ulation should be ascribed to the magnetic modulation 
with qMn — 1/4, as in the case of GdMnOs. The Mn- 
spin modulation with qMn = 1/4 also coincides with the 
P || a phase in TbMnOs. With increasing temperature, 
another peak at k ~ 4.54 become discernible at around 
10 K and coexist with the commensurate reflections with 
changing the relative intensities. Above 13 K, the com- 
mensurate peaks disappear. This behavior corresponds 
well to the polarization flop phenomenon from P \\ a to 
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The ferroelectric phase transition induced by appli- 
cation of a magnetic field can be understood in terms 
of symmetry^ Orthorhombically distorted perovskites 
i?Mn03 with Pbnm space group have inversion centers at 
Mn sites. The spin arrangement of the canted ferromag- 
netic phase of GdMnC>3 is of the so-called A-type with 
a modulation vector of Mn spin moments of (OOl)m^i^ 
Every Mn spin moment is approximately directed to ±6 
as schematically drawn in Fig.[5fb), and slightly canted 
to the c axis due to Dzialoshinski-Moriya interactioniii 
This type of spin arrangement keeps the inversion opera- 
tion with respect to each Mn site, which agrees with the 
paraelectric property of this phased 

One of the most probable spin arrangements in the 
-H^-induced P \\ a phase is of canted antiferromagnetic 
type as shown in Fig. |2Ic) . Here the compound is non- 
centrosymmetric because every inversion center vanishes. 
The direction of P is also predictable, because P should 
be parallel to all the mirror planes and glide planes. 
There is a symmetry operation n' , which is a composite 
of time reversal and a n-glide reflection with the plane 
shown by a dotted-broken line. A plane bisecting two 
neighboring MnC>2 sheets normal to the c axis allows a 
&-glide reflection. An original 6-glide plane normal to the 
a axis shown by a broken line in Fig. 0{b), m contrast, 
vanishes in the antiferromagnetic phase. A composite 
symmetry operation b' of the 6-glide reflection and time 
reversal is also broken. Therefore, P in GdMnC>3 with 
an antiferromagnetic spin modulation of (0 1/4 1) should 
be parallel to the a axis, which completely coincides with 
the previous observation^ 

The essence of the glide-symmetry breaking is the 
value of modulation vector. The breaking of b- or b 1 - 
glide reflection normal to the a axis does not depend on 
the details of the spin alignment but only on the mag- 
netic unit-cell dimension of a x 46 x There remain 
many other possibilities for Mn spin configuration, be- 
cause only the spin modulation vector was determined 
in the present study. For example. Ising-type antiferro- 
magnetic alignment is the most simple model. Helical 
spin order is also preferable in spin- frustrated systems. 
For the latter case, when the spin moments rotate within 
the ab plane with the propagation vector along the b axis 
as shown in Fig. |2d), the P along the a axis as ob- 
served is the direct consequence of Dzialoshinski-Moriya 
intcraction>iiii^ 

The zero-field ground state in TbMnC>3 is a ferroelec- 
tric phase with P \\ c as shown in Fig. Ola). Applica- 
tion of magnetic field at low temperatures flop the P 
vector from the c to the a direction^ Change in super- 
lattice peaks with the P-flop phenomenon is shown in 
Fig. 21 For the Hf, = case, three peaks are discernible 
at k = 4.284, 4.424, and 4.569. Kajimoto et al. reported 
that fundamental modulation vectors for Mn and Tb mo- 
ments are qyin = 0.28 and q^b = 0.42, respectively^ The 
lattice modulation at k = 4.569 should be assigned to a 
conventional magnetostriction with qi=(0, 4 + 2qMm !)■ 
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FIG. 3: (Color online) (a) Magnetic and electric 
phase diagram of TbMnOa with applied magnetic fields 
along the b axis. Squares, triangles, and circles indi- 
cate paramagnetic (PM)-to-incommensurate antiferromag- 
netic (AFM(IC)), AFM(IC)-to-P|| c ferroelectric (FE(P//c)), 
and FE(P//c)-to-P|| a ferroelectric (FE(P/ /a)) phase transi- 
tions, respectively. X-ray studies were performed in the condi- 
tion along broken lines, (b) Polarization along the c axis (P c ) 
and magnetization (Mi,) at 4 K plotted against magnetic field 
applied parallel to the b axis, (c) Lattice modulation vectors 
of TbMnOa at 5 K as a function of magnetic field. 
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FIG. 4: Change in synchrotron x-ray diffraction profile along 
the (0 k 1) line in TbMnOa with increasing magnetic field at 
5 K. Peak assignments are given in terms of magnetic modu- 
lation vectors, qMn and qTb- 
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With increasing Hi, to 2 T, two peaks at k = 4.284 and 
4.424 disappear and the remaining peak at k = 4.569 
becomes broad. The peak at k = 4.284 in weaker fields 
is hence not likely due to (0, 4 + gMn, 1), but may be 
ascribed to some interference between two kinds of ex- 
change striction related to Mn and Tb moments, such 
as (0, 4 + 2qxb — 2<7Mn; 1)- Simultaneously one sharp 
peak and one broad peak appear at k = 4.333 and at 
k ~ 4.39, respectively. The former can be ascribed to the 
Tb-moment modulation with q-xb = 1/3- Since the latter 
new peak is about half as broad as the q = 2qj^ n ~ 0.56 
peak and it suddenly appears with the change in Tb- 
moment modulation vector, we can assign it to lattice 
modulation with 2q^b — <?Mn- The X-ray profile becomes 
quite simple above 5 T. One can observe two sharp peaks 
at commensurate positions of k = 4.50 and 4.25. The 
strong qi = 1/2 peak and weak qi = 1/4 peak should be 
ascribed to the exchange striction with 2qMn and qMn, re- 
spectively. In Fig. Etc) , the lattice modulation vector qi 
is plotted as a function of Hi,. The above-mentioned dis- 
continuous changes correspond well to magnetic anoma- 
lies around 2 T and 5 T in the magnetization curve. The 
metamagnetic anomaly of the magnetization curve at 5 
T corresponds to the Hi, induced P flop as well as to 
the commensurate locking to qMn = 1/4- The magnetic 
anomaly at 2 T is accompanied by a change in modu- 
lation vector of Tb spin moments (open squares). This 
clearly shows that Mn spin modulation is also affected 
by the change of qTb value, perhaps because the simple 
ratio of qMn to gxb is violated. 

The mechanism of ferroclectricity with P \\ c in zero or 
weak fields seems to be more complicated than that of the 
P || a phase. Locking of the modulation vector at the fer- 
roelectric Curie temperature in TbMn03 and DyMnC>3 
was suggested as the key to the P \\ c ferroelectricityi2i&& 
This situation bears some analogy to improper ferro- 
electricity caused by a commensurate-incommensurate 



transition^* However, the present x-ray study in high 
magnetic fields seems to contradict such a scenario. The 
magnetic-field-induced P flop in TbMnC-3 at 5 K occurs 
around 5 T, where the second anomaly is observed in the 
magnetization curve in Fig. |3{b). Polarization along the 
c axis subsists above 2 T up to 5 T, where the Mn-spin 
modulation vector becomes unlocked with the change of 
Hb. Furthermore, the gMn-valuc in the P \\ c phase in 
5.5 T is temperature-dependent down to 10 K as shown 
in Fig.[2Ja). It is also noteworthy that antiferromagnetic 
alignment of Ising spins along ±6 at Mn sites with (0 qMn 
1) does not break mirror reflections normal to the c axis 
bisecting two adjacent Mn02 planes, and hence it alone 
cannot produce the P along the c axis. A different expla- 
nation from the commensurate-incommensurate or lock- 
ing mechanism has been proposed^ More complicated 
spin configurations like helical ordering might produce P 
along the c axis. In fact, a neutron study has reported 
that the magnetic structure in the P || c phase is not 
of a simple sinusoidal type nor of an Ising typei& A full 
spin-structure determination would be necessary to pin 
down the origin of magnetic ferroclectricity. 

In summary, the magnctic-ficld-induccd ferroelectric 
polarization along the a axis observed both for GdMnOs 
and TbMnC>3 originates from the commensurate mod- 
ulation of Mn spin moments with a modulation vector 
of (0 1/4 1), which is in good accordance with a group 
theory analysis. On the other hand, the c-polarizcd fer- 
roclectricity of TbMnOs in zero or weak magnetic fields 
cannot be attributed to a locking of the spin modula- 
tion of Mn moments but perhaps to a noncollinear spin 
structure like helical order. 
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